robots it is a very hard problem. 
Introduction
As humanoid robots obtain human-like versatility in mechanical sense, it seem to be a hard problem to design their behaviors. While the human do not seems to suffer a problem to generate its behaviors on demand in everyday-life situation, for humanoid 
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Tokyo, 113-8654 Japan used technique, the high-gain servo method (e.g., used by 111) is basically playing back of the predefined ideal trajectory. Then if we expect a robot to behave as various as the human, almost infinite number of ideal trajectory may be required. This is not a desired situation. Then in the present work, we would like to propse an alternative approach, the global dynamics [2] [3].
The basic idea of the global dymamics is to exploit body dynamics and minimise control input. Although body dynamics is nonlinear and looks complicated, if we investigate its phase space, there are stable and unstable regions coexists. Here, stability can be divided into three parts. Aside trivial static stability, the rest of two are described below.
One is the ZMP-guaranteed (ZMP: Zero Moment Point [4]) stability, where the body is guaranteed that it does not fall. As a special case of this stability, when the velocity of CG (Center of Gravity) is small, we call it "kinematically guaranteed stability". Because in such case, the contribution of total momentum for ZMP is small and position of CG is most important factor. The position of CG is defined by angle of each joint and the stability can be maintained by adopting boundary conditions for the joints and the stability is kinematically achieved
The other is passive stability, where stability is maintained by interaction between dynamical modes, as is done by passive dynamic walking by McGeerIS]. In this famous example, around the support transfer phase of a passive walking machine, he found that three modes (i.e., speed, swing, and totter) interact each other to form oscillatory relationship that has eigenvalues of complex number. This relationship has a role of a buffer that absorbs perturbation and stability is dynamically maintained.
In both cases, the control input is reduced and more Suppose that we have a sufficiently detail "map" of the phase space of body dynamics, our idea is to exploit stable region and apply control input around exchanging (i.e., unstable) point between stable regions. Then unstable regions can be regarded as nodes for switching motion and we expect a behavior is described in "node-to-node" manner, as a sequence of stable motions. Here it is important to note that node-to-node means the control input is now treated as discreet time and we expect to describe control in a state machinelike manner.
To establish this concept, we are studying in two directions. One is dynamical simulation of simple body [3] where useful several features of elastic body are shown. The other is experimental study of motion of human body, which is described in this work. In the former, we have shown that an elastic body has several merits of exploiting passive stability, oscillation damping and a whiplike motion. In the latter, as will be shown below, within even single type of motion, small scale variation is obtained. This phenomenon may imply high dimensional structure of the phase space is exploited. We think this feature strongly supports the relevance of the global dynamics and helps its detail investigation.
The Global Dynamics
Let us describe the global dynamics in more detail. In fig. 1 be exploited for switching between envelopes. We call these unstable regions the "nodes" (dotted circles in the figure) . We assume the nodes have saddlelike nature, then it can be regarded as controlling points. Because it has multiple unstable directions, the transition at the node can be done by adding small perturbation, which we call "intervention".
Then we think the motion design can be drastically simplified. Suppose that we have a map of stable/unstable regions, after generating a network of envelopes and nodes, the desired path can be a p proximated as a succession of envelopes and nodes.
As mentioned earlier, the computation cost of control is minimised within an envelope and higher level controller should be active only at the nodes to chose an envelope as the next state (i.e., envelope).
While we have studied the dynamics of a simple body
[3], study of the whole body, which consists of more than 10 segments, is a hard problem. Then an experimental study of real human body is essential.
Experiment
We So far five healthy subjects are participated. To analyse full body motion, we have adopted the ETL/HH marker set [ll] which enables full body analysis of 19 segments and 16 joint angles. In this marker set, the torso is divided into three segments and flection/extraction of the spine can be evaluated.
The motion pattern that we take for the experiment is a dynamical rising, that swing up the legs and rise the body without using hands, as is represented as shadowed envelopes on fig.1 . The motion can be divided into three parts, the swing phase, the contact phase and the standing up phase. This pattern requires angular momentum around the support transfer phase (i.e., when supporting point is moved from hip to foot) and dynamical feature is expected to be found.
There is a variation in the motion pattern by adopting external condition. We adopt an obstacle of 30cm long between the hip and the foot, so that support transfer must require nonzero angular momentum (i.e., the foot must be placed on at least 30cm forward than the hip). We expect this restriction may show a diversification of the trajectories.
Result
So far we have analysed three subjects and the rest is being processed. Due to high density of markers and frequent occulution of markers, the identifying process requires much more work than other motion, such as walking.
As expected the trajectories stonlgy depend on the subjects. Then we mainly describe data from one of subject (male, 171cm high) but qualitative features are believed to be common for all subjects.
Since the phase space of the whole body of 19-segment (27 degrees of freedom) system is about 55 dimentional and it cannot be analysed as a whole. Then we have evaluated coordinations between a couple of variables, as a projection.
To clarify the importance of analysing in the phase space, we have evaluated the results in two aspects. One is the coordination between joints, where only dimension of angle (i.e., position) is considered and only "state" space is discussed. The other includes a term of time derivative (i.e., speed) and phase space is discussed. Then dynamical aspect can be investigated. As will be described, in the latter analysis rich information is obtained. Then for generation of envelopes, the information of the phase space is essential. While it is not explicitly investigated, the envelope is thought to be defined by 'happing" process of stable region obtained here. Although detail evaluation of stablity is a future problem, we roughly estimate region of stability by extracting the regions where a bundle of trajectories (e.g., shown as superimposed plots) converge. Also, we expect the regions where the trajectories diverge as a nodes but we have not yet investigated: global evaluation of convergence in the whole pase space is still a hard problem because of its high dimensionality.
coordination between joints
First, let us discuss relationship between joints. In fig2 angular relationship between the left hip and the left knee is shown. Data from 11 trials are superimposed.
The degree of coordination can be roughly evaluated by convergence of the plots. In the figure, when the legs are swung up, the plots do not converge while the trajectories are similar. We think this variation comes from that the human reduces cost of precise control for this region of the motion, since in this posture, the body is supported by the back and the leg position does not contributes to the stability of the whole body. In other words, in this region, the volume of envelope is big.
On the other hand, when the body is standing up, trajectories rather converge. In this phase, the hip angle greatly contributes to the attitude of the u p per body. In this phase, the stability is achieved by kinematically guaranteed stability and COP (Center Of Pressure, corresponds projection of CG to the ground) must be within the foot print. Then strict coordination between the hip and the knee is expected. It is important to note that the trajectories do not completely converge: there is still a region of stability. This feature implies that the volume of the envelope is small in this phase.
Between above two phases, the contact phase exists. At this phase, although the plots are missing in many trials due to occulution of the markers, we expect the plots are diverging. In this phase, the supporting surface is changed from the hip to the foot. Because of the change of the boundary condition, the direction of the body is changed to upward and this direction is unstable, while other directions are stable. Then this phase can be regarded as a saddle point, where the body is unstable and the trajectory strongly depends on the perturbation.
It is very important to note that instability and strong dependence on the perturbation also mean the controllability. Because small perturbation induces large difference in short period of time, it can be regarded as an efficient way of controlling. In the phase space, there are many such saddle points or unstable regions. If they connect several envelopes, we call them "nodes", as control points. Also, the perturbation adopted at the nodes is called "intervention".
Although the method for the intervention is being As mentioned, when foot placement is restricted to forward, larger angular momentum is required to achieve support transfer (i.e., from the hip to the foot) at the contact phase. This feature is seen when we compare around the upper left of the plots of figs. 3 and 4, where crossing of the plot is seen in the latter.
This crossing region corresponds later half of the swing phase: i.e., swing forward the whole body to gain angular momentum. The steep plot of fig. 4 implies that higher speed is obtained, in preparation for the support transfer, where larger angular momentum is required. Also, in the support transfer phase, faster speed is shown in fig. 4 (around the right loop), for the same reason as above. Although the number of data is a few, the plots looks diverge around the swing phase. This feature agrees that the degree of convergence of trajectory corresponds the volume of envelope, as is stated above.
variation exists even within the same speed motion
Finally, we describe a differentiation within same mction. We found that in some of trials (of without restriction condition) shows different pattern of trajectory, when momentum variable is considered. In In fact, what make divide these two cases is the number of trials. In the fig. 5 , two last trial of ten trials are plotted and first eight trials are shown in fig.  3 . This difference is not expected, since we did not recognise this small (but clear) difference at the experiment.
Watching the animation of captured data, even in it is not easy to tell the difference. As an impression, in the latter case (i.e., fig5) the motion becomes smooth we assume it is because of an "optimisation" process of a human through experience. Since higher speed is achieved around the support transfer in fig   5 , the motion is smooth and regarded as efficient.
Then we call the first eight trials as "unexperienced" rising and the last two trials as "experienced" rising.
In this experiment it is shown that trajectory is varable even within an envelope. This feature is very important when one think about design of humanoid motion, since this variation may leads to the controllability within an envelope.
Finally, we should mention that while this result is obtained from experiment of single subject and needs more data for further study, the data currently being processed seems to support the result obtained here. Although detail mapping of the phase space is required, we think that by choosing "microscopic nodes", fine tuning of behavior is possible. Then, the design of motion based on the global dynamics w i l l be done in two stages: first choose rough trajectories by choosing nodes (i.e., macroscopic) and then tune the behavior by choosing microscopic nodes.
It is important to note that we do not focus on searching for an ideal trajectory based on some kind of optimisation. Human body is not a precision device and it is wise to chose a trajectory where stability is guaranteed by its own dynamics, such as within an envelope. A humanoid robot may be considerd as a precision device but the environment is not. Then it seems to be always a good idea to exploit a stable dynamical structure, whenever applicable.
If we think about the relevance of our results for humanoid robotics, it is important to note that the dynamics discussed in the paper is that of a human's body. The dynamics of human body includes muscle as elastic elements, which is not usually included in the robot's mechanism. One possible difference is that volume of the envelope may be enlarged, as is shown in our former work 131. To exclude this effect, we are going to feed the obtained trajectory to a dynamics simulator. However, we expect the essence, complex network of envelopes and nodes, is preserved.
While so far we have discussed on the envelope, the node must be analysed in the future. Because experimental analysis of unstable structure requires much more data than that of stable structure and we could not investigate in this work. As mentioned above, numerical analysis by a dynamics simulator may be helpful. Also, the data of "failed" motion is important. While data are not shown in this paper, we have observed several failuares in rising. The points where the trajectory left envelope and the last node it passed may give a clue for further analysis.
As for experiment, while we are processing the captured data, for the rising, this is much harder than other motion, because of frequent occulution of markers, quick rotation of body segments and high density of markers. This problem is expected to be solved by improvement of algorithm of motion c a p ture system. In near future, we are going to establish the notion obtained here by collecting many data.
Also, application for real humanoid robot should be considered in the future. So far we are thinking about making "node-tc-node" transition. This is similar to the state-machine representation by R a i b ert [6] or Pratt 171. However, the states in those method correspond the envelopes and the nodes may correspond the "cue" for transition. We believe that by exploitting saddle-like nature of the nodes, giving a direction for the next envelope may be possible, although detail investigation of dynamics.
To sum up, through the motion capture experiments of a human rising motion, we have shown complicated structure of the phase space. The degree of convergence within a bundle of trajectories corresponds the area of the envelope and this supports our concept of the global dynamics. Also, investigation of the phase space suggests that microscopic structure exists, even in single envelope. 
